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The study by Bishop and co-workers [1] provided insight into the role of the heart microstructure in the patterns of wave propagation that cannot be obtained by experimentation. It employed the high-resolution MRI-based rabbit heart model ( m raw-data resolution), which included blood vessels and endocardial trabeculations. The authors compared propagation of a wavefront in this model to that in a simplified whole-heart model based on the same imaging data, but excluding vessels and trabeculations. The results underscored the regional differences in activation due to trabeculations shortcut pathways and indicated the important role cardiac microstructure could play in impulse propagation. The study concluded that while structurally simplified models could be well suited for a large range of cardiac modeling applications, important differences are seen in behavior at micro-scales.
Whole-heart computational research into arrhythmia mechanisms in the setting of cardiac disease remains in its infancy, and is one of the potential avenues for growth in whole-heart modeling applications. This year simulation research into regional ischemia in the ventricles charted the initial path in this direction, by providing insights into the role of electrophysiological heterogeneities associated with cardiac disease in arrhythmia generation. The study by Jie et al. [2] the substrate for ischemia phase 1B arrhythmias in the rabbit heart by examining how the interplay between different degrees of hyperkalemia in the surviving layers, and the level of cellular uncoupling between these layers and the mid-myocardium combine with the specific geometry of the ischemic zone in the ventricles to result in reentrant arrhythmias. The study implemented a realistic representation of the ischemic insult (hyperkalemia, acidosis, hypoxia), including its spatial distribution (a central ischemic zone and border zones). It demonstrated a biphasic change in arrhythmia vulnerability with the increase in extracellular potassium concentration. Furthermore, the simulation results found that a wide border zone reduced the inducibility of reentry by causing a propagation block in the central ischemic zone. Finally, the degree of uncoupling between the surviving (epi-and endocardial) layers and the inexcitable mid-myocardium was found to profoundly affect reentry initiation: stronger coupling led to shortened action potential duration and lengthened post-repolarization refractory period of the paced propagation, which in turn reduced inducibility of reentry by blocking propagation of the premature wavefront. Whole-heart simulations also provided new insights into the process of cardiac defibrillation. The article by Constantino et al. [3] explained the mechanisms responsible for the existence of isoelectric window (a quiescent period) following ICD (implantable cardioverter-defibrillator) shocks delivered to the fibrillating heart. The simulation results demonstrated that the nonuniform field created by ICD electrodes, combined with the fiber orientation and complex geometry of the ventricles, resulted in a postshock excitable region located always in the left ventricular (LV) free wall. For near-DFT shocks, this excitable region was converted into an intramural tunnel, through which either pre-existing fibrillatory or shock-induced wavefronts propagated during the isoelectric window, emerging as breakthroughs on the LV epicardium. Interestingly, failed defibrillation for near-DFT shocks was found to not always be associated with termination of existing wavefronts and genera-1937-3333/$26.00 © 2010 IEEE tion of new wavefronts by the shock, as previously believed; instead, wavefronts remained "alive" in the intramural postshock tunnel. Preshock activity within the LV played a significant role in shock outcome: a large number of preshock reentrant waves resulted in an isoelectric window associated with tunnel propagation of pre-existing rather than shock-induced wavefronts. Furthermore, shocks were more likely to succeed if the LV excitable area was smaller. Obtaining such insights into the mechanisms of defibrillation would have been impossible with the use of experimentation alone.
Incorporating the Purkinje system in a whole heart model constitutes an important step in the development of simulation tools that can be used to ascertain important aspects of arrhythmogenesis. The new study by Deo et al. [4] used a model of the free-running Purkinje system in the rabbit ventricles to examine the conditions for arrhythmogenesis due to early afterdepolarizations (EADs) originating in Purkinje cells; the latter are known to be are more vulnerable to EADs than ventricular myocytes. The authors demonstrated that a single ectopic beat arising from EAD in the distal Purkinje network can give rise to reentrant arrhythmia; in contrast, EADs in the proximal network were unable to initiate reentry. The transient local refractoriness created at sites of failed breakthroughs of activity from the penetrating Purkinje fibers is sufficient to split propagating waves and provide epicardial anchor points for transmural scroll waves. On the other hand, successful breakthroughs from excited Purkinje terminals act as secondary sources, accelerating existing wavefronts and providing escape routes for activity within Purkinje cells. The simulations thus demonstrated that the Purkinje system could both stabilize scroll waves and cause wave breakup.
The other type of application of whole-heart modeling this year was in electromechanical studies. True electromechanical models aimed at examining the mechanisms for mechanicallymediated arrhythmogenesis are only very recent; in fact, the only two ventricular studies in existence were published in 2010. The first is by Keldermann et al. [5] , who used an electromechanical model of the human LV to investigate the effect of mechano-electric coupling via stretch-activated channels (SAC) on reentrant wave stability. The simulation results revealed that mechano-electric coupling results in the deterioration of stable reentrant waves into turbulent patterns characteristic of ventricular fibrillation (VF). While the initial scroll-wave was found to remain intact, other filaments existed for a short period only. Scroll-wave filament breakup was due to SAC recruitment in regions of high fiber stretch (away from the spiral core), resulting in voltage-dependent inactivation of sodium channels there, a mechanism for breakup that is different from other known mechanisms for wavebreak such as restitution. The simulations results thus provided an alternative explanation for the degeneration of a single reentrant wave into VF.
The mechanisms of spontaneous induction of arrhythmias in the diseased heart was the subject of the second cardiac electromechanics study, by Jie et al. [6] It used a model of the beating rabbit ventricles to gain insight into the role of electromechanical dysfunction in arrhythmogenesis during acute regional ischemia, both in the induction of ventricular premature beats (VPBs), and in their subsequent degeneration into ventricular arrhythmia. The model represented the electrophysiological and mechanical milieu in the heart at several stages post-occlusion, with central ischemic zone and border zones. Dynamic mechano-electrical feedback was represented via spatially and temporally nonuniform membrane currents through SACs, the conductances of which depended on local fiber strain rate. The simulations demonstrated that large myofiber strain developed in the ischemic region. VPB originated from two locations at the endocardial LV border zone, although cells underwent mechanically-induced delayed afterdepolarization-like events following the paced beat at both the central ischemic zone and the border zones. At the border zone, the depolarization evoked spontaneous firing. At the central ischemic zone, due to its decreased excitability, despite the fact that the peak magnitude of subthreshold depolarization was larger, no action potential was triggered. The VPB wavefront blocked within the central ischemic zone, resulting in reentry. The study also dissected the contribution of the electrophysiological factors (the ischemic changes) and mechanical factors (SAC recruitment) to the generation of proarrhythmic substrate, demonstrating that VPB cannot degrade into reentrant arrhythmia under the conditions of either electrophysiologically or mechanically-induced pro-arrhythmic substrate alone. The results of this study clearly demonstrate that stretch of ischemic tissue, which loses its ability to contract, by the surrounding normal tissue during contraction leads to mechanically-induced depolarizations, via SAC, in the ischemic region. This study thus provided the first direct evidence that mechanically-induced depolarizations and their spatial distribution within the ischemic region are a possible mechanism by which mechanical activity contributes to the origin of spontaneous arrhythmias.
The mechanical effect of altered cardiac activation sequence has been the subject of intense discussion since asynchronous electrical activation can cause abnormalities in perfusion and pump function. The study by Gurev et al. [7] conducted a thorough analysis of the 3D distribution of electromechanical delay (EMD), the delay between the onset of electrical activation and the onset of fiber shortening in the rabbit ventricles and its dependence on the loading conditions. To isolate the effect of the pattern of electrical activation on EMD, simulations were executed for sinus rhythm and LV epicardial pacing. The results revealed that under both activation scenarios, EMD distribution is non-uniform. In sinus rhythm EMD is longer at the epicardium than at the endocardium, and is greater near the base than at the apex. Following epicardial pacing, EMD distribution is markedly different; it also changes with the pacing rate. Analysis of the mechanisms revealed that for both electrical activation sequences, late-depolarized regions were characterized with significant myofiber prestretch caused by the contraction of the early-depolarized regions. This prestretch delays myofiber-shortening onset, and results in a longer EMD, giving rise to heterogeneous EMD distributions. This study revealed that the loading conditions of the ventricles play an important role in the relationship between electrical and mechanical activation. Understanding the latter relationship is of paramount importance to therapies that employ pacing of the heart, and particularly cardiac resynchronization therapy (CRT).
CRT is a treatment modality that employs bi-ventricular pacing to re-coordinate the contraction of the heart. CRT has been shown to improve heart failure symptoms and reduce hospitalization, yet approximately 35% of patients fail to respond to the therapy. The poor predictive capability of current approaches to identify potential responders to CRT reflects the incomplete understanding of the complex pathophysiological and electromechanical factors that underlie mechanical dyssynchrony in failing hearts. Simulations of whole-heart electromechanical behavior offer an opportunity to dissect these mechanisms and suggest strategies for optimizing the therapy. The study by Kerckhoffs et al. [8] focused the CRT modeling effort towards assessing the sensitivity, to cardiac dysfunction, of various indices of mechanical dyssynchrony typically used to quantify contractile dysfunction in patients, such as circumferential uniformity ratio estimate (CURE), internal stretch fraction (ISF), and the percentile range of time to peak shortening (WTpeak). CURE and ISF are indices that measure distribution of strain magnitudes, whereas WTpeak measures distribution of strain timing. Simulation results found all indices to be sensitive to the activation sequence, but only CURE and ISF were sensitive to the combination of dilation and left bundle branch block, a condition typically present in patients receiving CRT, while WTpeak was not. Thus, CURE and ISF, which measure systolic strain nonuniformity, are better predictors of mechanical dissynchrony because systolic strain nonuniformity, as this modeling study demonstrated, is the dominant determinant of variability in regional work. The results obtained by Kerckhoffs et al. have also important implications for the emerging field of patient-specific modeling, and in particular, for patient-specific optimization of the LV pacing location for CRT. With geometry and electrical activation sequence, which can be established by a clinical evaluation, being the major determinants of regional cardiac function, and the hard-to-measure material properties playing a minor role, patient-specific simulations could be performed to suggest optimal CRT tailored to the individual.
